The degradation of LiNi 0.5 Mn 1.5 O 4 (LNMO) cathodes were investigated using different cell designs (half cells, full cells cathode-limited, anode-limited and cathode-limited with pre-charge). Half cells based on Li/LNMO show long-cycle stability due to the unlimited source of electrochemically available lithium. Full-cell configurations with Li 4 Ti 5 O 12 /LNMO are limited in their cycling performance and durability. Differential capacity studies during continuous cycling reveal a systematic intensity change of the Ni II/III and Ni III/IV redox peaks as a function of the amount of electrochemically available lithium. As a mechanism, it could be clearly stated that the consumption of electrochemically available lithium determines the cycle stability. The decomposition of the active material itself (e.g. loss of Ni and Mn) is not crucial for the capacity loss. Thus, full cells with a pre-charged anode have the best cycling performance because of its high lithium content.
Introduction
Lithium-ion batteries (LiB) play a highly important role in today's society, being indispensable in the consumer sector and future applications in the transportation sector. Nowadays, most mobile electronic devices are powered by LiB. Therefore, the development of cathode and anode materials to increase the performance and extend the life of batteries is essential. Conventional batteries contain transitional metal oxides with a layer structure, such as LiCoO 2 (LFP) . LCO, NMC and NCA have a disadvantage as they contain cobalt, which entails high-production costs. In addition, LCO cathodes are unstable in an exhausted/overcharged state, which is of particular risk for end users [1] . However, LFP cathodes are intrinsically safe, also if overcharged, but have a lower power density than cathodes made with cobaltous compounds. Therefore, efforts have been made to develop new cathode materials with higher energy and power densities. A promising candidate is the spineltype compound LiNi 0.5 Mn 1.5 O 4 (LNMO), with a theoretical capacity of 146.7 mAh/g and oxidation plateau of 4.7 V vs. Li/Li + [2] . LNMO appears to be a promising successor to conventional-type LiBs with transition metal oxide cathodes and could revolutionize the mobile sector. This cathode material would allow for considerably longer ranges and is cheaper because it does not contain cobalt and is safer under all operating conditions [3] . Unfortunately, LNMO cathodes are subject to severe degradation during charging and discharging [4] . Thus, this cathode material will fail to achieve a commercial breakthrough. There are already numerous publications that deal with the degradation mechanisms of LNMO. In high-voltage batteries, the degradation is largely related to the decomposition of the electrolyte, due to the high potential. A reduction or oxidation of the solvents is possible at the anode and cathode sides [5] [6] [7] [8] [9] . An additional performance loss of the LNMO battery is the transition metal dissolution [10] . Jarry et al. postulated a mechanism for the dissolution of the Mn and Ni ions of the LNMO cathode, which forms chelate complexes [11] . Dedryvère et al. demonstrated by X-ray photoelectron spectroscopy measurements that the transition metals migrate to the anode and deposit there [12] . It turns out that a variety of reactions and mechanisms exist and that a combination of all is responsible for the degradation in a battery cell. Nevertheless, there are several approaches to improve the properties of LNMO cathodes; thereby ensuring a lifetime of 5000 cycles. One such approach is the protection of the LNMO particles by coating with TiO 2 , FePO 4 , SnO 2 or Al 2 O 3 to prevent direct contact with the liquid electrolyte [13] [14] [15] [16] . Furthermore, there are attempts to produce the active material in the form of nanoparticles in order to ensure the largest possible active surface area or that various additives are added to the electrolyte in order to prevent further decomposition of the electrolyte or active material [17] [18] [19] [20] [21] . Gabrielli et al. pursued a different approach for longer cycle stability in full cells with silicon/graphite anodes and LNMO cathodes. Employing an overlithiation of LNMO, they were able to compensate the significant capacity loss in the first cycle. However, it is not shown that the continuous degradation, beyond a cycle number of 100 can be stopped, respectively, slowed down, which is accompanied by the use of a high-voltage cathode material [22] .
The aim of this work is to understand the mechanism of strong cell degradation after a limited number of cycles. It is shown by means of electrochemical measurements that the main cause of the low cycle stability is the immobilization of the electrochemically active lithium in the cell and not by the degradation of the cathode material itself. In this study, we investigate half cells and full cells with the different balancing of electrochemically available lithium. The evaluation by means of the differential capacity method and the associated voltage characteristics allow a conclusion on the steady reduction of the electrochemically available lithium.
Experimental methods

Electrode preparation
Cathode: The LNMO powder used has an ordered spinel-type structure with the space group P4 3 32. It was purchased from Sigma-Aldrich (725110; USA) and has a particle size of <0.5 µm and purity of >99%. The presence of the ordered phase was confirmed by Raman spectroscopy (Supporting Material) [23] . 85 wt% LNMO, 10 wt% carbon black (CB, Timcal Super C65, Switzerland) and 5 wt% polyvinylidene difluoride (PVdF, Targray D-2, Canada) were mixed in N-methylpyrrolidone (NMP, Sigma-Aldrich 99.5%) for 2 h with an IKA Ultra Turrax (IKA, Germany) and then doctor-bladed (clearance 150 µm) on aluminum foil. The electrode was dried at 90°C for 48 h in a vacuum oven.
Anode: The Li 4 Ti 5 O 12 (LTO) powder used was purchased from Sigma-Aldrich (702277). The powder has a particle size of <100 nm and purity of >99% (spinel-type structure, space group Fdm). The preparation of the anode is similar to the procedure used for the cathode. 85 wt% LTO, 10 wt% CB and 5 wt% PVdF were mixed in NMP for 2 h and then doctorbladed (clearance 150 µm) on a copper foil. The electrode was dried at 90°C for 48 h in a vacuum and stored in an argon-filled glovebox. , 0.25 mm thickness) were utilized as anodes to provide a (quasi-) unlimited lithium capacity. The cells were cycled with a constant current of 1/2 C. Depending on the initially adjusted cathode and anode capacities and lithiation degrees, different potential ranges had to be used (see Table 1 ). The electrochemical studies were performed using a Solartron Analytical 1400 Cell Test System (Ametek, USA). For cycling, the cells were placed in a climatic chamber at 23°C.
Results and discussion
Half cells
Half cells with a lithium anode and LNMO cathode were investigated as a reference for the subsequent study of full cells. In industrial applications, cells with metallic lithium anodes play only a minor role, because its costs is too high, there is too little cycle stability and it has safety risk due to the potential growth of metallic dendrites [24] . The advantage of a half cell is that lithium can be continuously replenished from the anode, if electrochemically available lithium is immobilized by side reactions, e.g. by forming LiF, Li 2 CO 3 , Li x PF y O z , Li x PF y [7] . Figure 1 shows a diagram of the battery's state of health (SoH) and the Coulombic efficiency of a Li/LNMO half cell over 300 cycles. The SoH indicates the level of aging of a battery cell and is calculated from the quotient of the current capacity and capacity of the cell in the first cycle. Since this value is relative, the battery states of different cells with different initial capacities can be compared to one another. The capacity curve of the cell is plotted in Figure 1 as a black line. The capacity decreases slowly but continuously with each cycle. A strong drop in the capacity was not observed. After 300 cycles, the cell still has a SoH of 93.3%. The course of the Coulombic efficiency is represented as a red line. A value of 99% indicates a small fraction of electrochemical side reactions in this cell. In Figure 2 , the differential capacitance as a function of the number of cycles is shown (a differential capacity curve for every 60th cycle). During the charging half cycle (delithiation of the cathode), the differential capacity has a positive sign, and a negative sign during the discharging half cycle. In the interest of clarity, only the ranges between 4.5 and 5 V vs. Li/Li + are shown for a better overview. The Ni II/III oxidation appears at a potential of 4.73 V vs. Li/Li + and the Ni III/IV oxidation at 4.76 V vs. Li/Li + . It can be seen that with increasing numbers of cycles, the integral area of the differential capacity peaks decreases. Over the entire set of cycles, both oxidation stages can be clearly detected, i.e. Ni II is converted to Ni III and subsequently to Ni IV and back. However, there is a shift in the oxidation peaks to a higher voltage and the reduction peaks to a lower voltage. According to Dubarry et al. such a consistent peak shift describes an increase in the (total) cell resistance [25] . The light capacity fade in the half cell configuration can be attributed to two major aspects. On one hand, the transition metals of the cathode are dissolved and migrate to the anode [12] (see Supporting Material). On the other hand, the electrolyte (LP 30) is decomposed and deposes an organic and inorganic layer on the lithium metal [26, 27] . As already mentioned, the immobilized lithium can be replaced by lithium from the anode. In the half cell, there is a continuous degradation over 300 cycles, but it is much lower compared to full cells, as described in the next section.
Full cells
In the literature, a strong capacity loss among LNMO full cells is reported. Therefore, we performed [28, 29] . However, the performance of the cells is not priority in this article but the mechanism of the degradation.
Full cells with cathode limitation
In Figure 3 , the course of the SoH (black line) and Coulombic efficiency (red line) for a cathode-limited LTO/LNMO full cell are depicted. The battery state of the cell is recorded for over 200 cycles. The irregularity at cycle 75 arose due to a system restart of the potentiostat. In the beginning, within the first 20 cycles, a sharp drop in the capacity was detected, accompanied by a very low Coulombic efficiency.
With an increasing number of cycles, the decrease of the capacity slowed down. The Coulombic efficiency increases to 94% within these first 20 cycles. The low value of 94% indicates a large fraction of side reactions in this cell. The reason for these observations could be the connection of the capacity loss to the side reactions in the battery. The cell is cycled with a constant current. The capacity decrease and the C rate increases. The residence time at extreme electrode potentials and thus the extent to which the side reactions occur decreases. The Coulombic efficiency of the cell also decreases due to the increasing C rate. The differential capacity of the cell is shown in Figure 4 . In Figure 4(a) , the first 20 cycles of the cell with a resolution of three cycles are plotted while in Figure 4 (b) the following 120 cycles with a resolution of 20 cycles are indicated. In the first 20 cycles, both redox processes, Ni II/III and Ni III/IV , can be observed. The first oxidation peak appears at a potential of 3.17 V vs. Li/Li + and the second at a potential of 3.2 V vs. Li/Li + . The area of the peak attributed to Ni II/III oxidation does not change during the first 20 cycles. However, the area of the peak attributed to the Ni II/III oxidation decreases considerably across these. Between the 16th and 19th cycle, the peak has completely vanished and the corresponding redox reaction no longer corresponds to the total cell capacity. Beyond the 20th cycle, the peak of Ni III/IV oxidation starts to lose intensity. Beyond the 140th cycle, no redox peak can be detected in the differential capacity graph, resulting in a complete loss of the cell's capacity. LNMO undergoes two phase transitions with increasing delithiation (charge of the cell). First, in the fully lithiated phase, LiNi The capacity loss of the cathodelimited cell during the first 20 cycles is accompanied by the fading of the redox peaks, corresponding to the phase transition between the fully-and halflithiated phase, may be caused by the gradual loss of electrochemically available lithium. The cathode active material can no longer be completely lithiated and the amount of the fully lithiated phase decreases with an increasing number of cycles. Beyond the 20th cycle, the fully lithiated phase can no longer be achieved. Subsequently, due to the ongoing lithium loss, as well as the second redox peak, the phase transition between the half-and fully delithiated phase also begins to shrink. Degradation (decomposition) of the cathode active material itself can also cause a total capacity loss of the cell, but this should result in the simultaneous fading of both redox peaks in the differential capacity plot with an increasing number of cycles. This was not observed though.
This observation can be clarified by considering the voltage characteristics of both electrodes, i.e. by plotting the charge/discharge curves of the electrodes (electrode potential vs. the charging state of the cell), as shown in Figure 4(c-e) . The state in the first cycle is depicted in Figure 4 (c), while the state in the 20th cycle is in Figure 4(d) and that beyond the 140th cycle in Figure 4 If electrochemically available lithium is immobilized in the cell, the cathode material is no longer completely lithiated, but the anode material remains completely delithiated. As a result, the charge/discharge curves of the electrodes shift against each other. The amount of the fully lithiated phase of LNMO, which can be formed, grows smaller. In Figure 4 (d), the curves have shifted so far that the end-of-charge voltage is already reached before the cathode material converts to the fully lithiated phase. This corresponds to approximately the 20th cell cycle. After this, the completely delithiated phase of the material is only transformed to the partially lithiated phase. If the charge/discharge curves continue to shift, less and less of the half-lithiated phase is formed during the cycles. Figure 4(e) shows the extreme case, in which the complete electrochemically available lithium is immobilized in the cell and both electrode materials are only present in their fully delithiated state. This case occurs beyond the 140th cycle of the cell.
Full cells with anode limitation
In Figure 5 , the cyclization of a full cell with anode limitation is shown. In cases with the anode limitation, there is an excess of electrochemically available lithium. The capacity of the cathode exceeds that of the anode. Thus, the cathode cannot be completely delithiated at the beginning of the cyclization. The red curve corresponds to the Coulombic efficiency while the black curve corresponds to the battery state (SoH). The behavior of the anode-limited cells in the beginning is very similar to that of the cathodelimited cells. In the first cycle, the Coulombic efficiency also shows only very low values. After about 10 cycles, it rises to 95%. Unlike the cathode-limited cells, the SoH curve plateaus from the beginning up to the 30th cycle. In Figure 5 , this range is marked by dashed lines. At the end of the plateau, a strong loss of capacity appears, as the Coulombic efficiency drops by 7%, recovers to 93% and then decreases steadily as the number of cycle increases. In Figure 6 (a) and (b), the differential capacity for a cell with anode-limitation is shown. The first 14 cycles of the cell are depicted with a resolution of two cycles and the following 90 cycles with a resolution of 15 cycles. Analogous to the observation in the cathode-limited cell, the Ni II/III peak decreases strongly within the first 10 cycles and is completely gone by the 14th cycle. However, the behavior of the Ni III/IV redox peaks differs completely from previous observations. These redox peaks increase within the first number of cycles and reach their maximum intensity with the 15th cycle. The peak intensity remains constant between the 15th and 30th cycles. Beyond the 30th cycle, the intensity of the Ni III/IV redox peaks is also decreasing, accompanied by a decrease in the capacity as in the cathode-limited cells.
The plateau at the beginning, between the start and 30th cycle, may result from the excess capacity of the cathode relative to the anode, i.e. an excess of electrochemically available lithium. This can be illustrated by the voltage characteristics of this cell in Figure 6 (c-e). Figure 6 (c) shows the initial state of the cell. The LTO anode can be completely lithiated while charging the cell, while the LNMO cathode is only partially delithiated. The half-delithiated LNMO phase only partially transforms into the completely delithiated phase (see Figure 6(c) ). Thus, in the beginning the corresponding Ni III/IV redox peaks are only small. If the immobilization of lithium due to side reactions is responsible for the capacity loss, the excess of electrochemically available lithium must first be consumed before a significant capacity drop can be observed. The charge/discharge curves of the electrodes in the voltage characteristics shift against each other with each cycle. This should result in an initial plateau for the SoH curve. The intensity of the Ni III/IV redox peaks will increase and, correspondingly, the intensity of the Ni II/III redox peaks will decrease within the first 14 cycles. From the beginning of the 14th cycle, the fully lithiated phase is no longer formed (see Figure 6(d) ). From this cycle to the 30th, only the half and delithiated phases are formed. Since the LTO anode is still completely lithiated and delithiated at each cycle, the capacity of the cell does not change in the first 30 cycles. Beyond the 30th cycle, the amount of electrochemically available lithium in the cell is so low that even the LTO anode can no longer be completely lithiated. Thus, its charge/discharge curve in the voltage characteristic is only partially below the curve of the cathode and the lithiation decreases with each additional cycle. The final, fully exhausted state is reached by the 105th cycle, as shown in Figure 6 (e). The curves no longer overlap and both electrode materials are only present in their almost completely delithiated state.
Full cells with cathode limitation and pre-charging
Comparing the differential capacity plots and cycling behavior of the cathode-and anode-limited cells suggests that the total amount of electrochemically available lithium is crucial for the onset of the drastic capacity fade. Experiments with cathode-limited cells were performed to justify this assumption. An excess of electrochemical lithium was introduced by constructing a cell with an LTO anode that was previously lithiated using a half cell setup (pre-charge). Figure 7 shows the cycling stability for a full cell with cathode limitation and anode pre-charge. In this cell configuration, a plateau appears during the first 40 cycles, as is observed for the anode-limited cells. This range is marked by dashed lines. Once again, at the end of the plateau a strong loss of capacity appears. However, in comparison to the anode-limited cells, the capacity decrease is less rapid. The Coulombic efficiency also shows more stability than the other cell setups. In the range of the plateau it reaches a maximum of 96%, and during the subsequent strong loss of capacity reduces to a value of about 94%. With an increasing number of cycles, it decreases very slowly. Figure 8 shows the cycling behavior of differential capacity from the first to the 160th cycle. There is virtually no substantial change in intensity for the Ni II/III and Ni III/IV redox peaks within the first 50 cycles. Beginning with the 50th cycle, the intensity of the Ni II/III redox peaks begins to decrease. In the meantime, the intensity of the Ni III/IV redox peaks does not change. Beyond the 91st cycle, the intensity of the Ni III/IV redox peaks also start to decrease and that of the Ni II/III redox peaks completely fade out. Beyond the 160th cycle, no noteworthy capacity remains.
The observed cycling behavior can again be explained by the shifts of the charge/discharge curves of the electrodes during the cycling in the voltage characteristics (see Figure 8(c-e) ). In first cycles, the charge/discharge curves of the cathode are shifted far to the right of the charge/discharge curve of the anode due to the pre-charge. Despite the continuous loss of electrochemically available lithium, during the first 50 cycles the amount is sufficient for the complete lithiation of the cathode material. This results in a nearly constant SoH, i.e. the observed plateau. At the end of the 50th cycle, the remaining quantity of electrochemically available lithium corresponds to the capacity of the cathode. After the 50th cycle, the cell behaves like a cathode-limited cell, because the precharge surplus of electrochemically available lithium is completely bound, as depicted in Figure 8(d) . In the following cycles, the immobilization of the electrochemically available lithium proceeds. Due to the ongoing shifting of the charge/discharge curve of the cathode and anode, the fraction of the fully lithiated LNMO phase, which is formed in a cycle, decreases continuously (see Figure 8(d) ). After the 90th cycle, the fully lithiated LNMO phase is no longer formed and also, the intensity of the Ni III/IV redox peaks also begins to decrease (see Figure 8(e) ). Beyond the 160th cycle, all the electrochemically available lithium in the cell is bound and the electrodes are (nearly) in the fully delithiated state. No capacity is left. The findings on cathode-limited cells with pre-charge anodes correspond to the behavior of the other investigated cell setups and confirm the assumption that only the loss of the electrochemically available lithium determines the rate of cell degradation. The decomposition of the cathode material itself may only have a minor impact.
Conclusions
In the present work, the high-voltage cathode material LMNO was investigated. Using cell setups differentially balanced between the cathode and anode capacity, the influence of the electrochemically available lithium in the cell on the degradation rate could be investigated. The observed courses of the SoH as a function of cycles and the change in the differential capacity can only be explained by the steady immobilization of the electrochemically available lithium in the cell. The lithium is bound in the battery by side reactions (oxidation processes with the solvent) and is thus no longer available for the lithiation of the electrodes. From the comparison with the half cell and full cell, it is made clear that the degradation of the cathode material is not caused by the loss by Ni or Mn ions from the cathode material. Thus, the cathode material is not irreversibly decomposed by the side reactions with the solvent, leading to the immobilization of lithium and the steady self-discharge of the cell. These experiments clearly identified the immobilization of the electrochemically available lithium in the cell as a responsible mechanism for the large capacity loss of LiNi 0.5 Mn 1.5 O 4 full cells. Furthermore, due to the steady loss of electrochemically available lithium, it can be concluded that a stable, protective layer does not form on the cathode material.
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